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Abstract 
Many people in rural regions of the world do not have access to electricity although they have abundant supplies of sunlight. An 
off-grid system to cheaply convert this solar energy into electricity could improve the lives of millions of families. Waste heat 
from high-concentration photovoltaic arrays and solar energy from evacuated tube collectors are potential sources of abundant 
low-grade thermal energy. An Organic Rankine Cycle (ORC) is able to convert low-grade thermal energy into electricity at a 
relative low cost. While traditional ORCs rely on stable thermal energy inputs (i.e. geothermal energy), solar energy is not able to 
provide a constant supply of thermal energy. Understanding how transient solar fluctuations affect ORC performance is crucial to 
the development of high-performance, stable and stand-alone solar-driven ORC systems and further integration with heat storage 
units. In this work, an experimental ORC testbed was designed and fabricated for small-scale low-grade thermal energy 
utilization for transient characterization. Of particular interest in this work is the behavior of the ORC system as it approaches the 
operational limits. When the mass flow rate in the cycle is too high or the thermal energy input too low, the balance of the system 
is disturbed and strange oscillations are encountered. This work focuses on gaining a deep understanding of this abnormal 
behavior and its influence on ORC performance. The physical phenomena that bring about these changes in an evaporator and 
their effect on ORC’s moving components (i.e., diaphragm pump and scroll expander) are studied and characterized. A 
qualitative description of the phenomena is proposed and used to describe the changes within the cycle as a result of the 
imbalance. Once the individual processes in the oscillations are identified, quantitative analysis is carried out to better 
characterize the entire cycle. This characterization may be used to predict when the heat source conditions would lead to 
oscillations in ORCs and the magnitude of the reactions. These oscillations hinder the ORC performance and may even cause 
damage to the moving components under certain circumstances. Revealing the physical mechanism of oscillations helps attain 
advanced design and energy-efficient operation of ORCs under transient thermal energy supplies, particularly solar. Cycle 
modifications such as heat storage units are also discussed to coping with transient solar energy inputs and night-time operation. 
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1. Introduction 
With global warming on the rise and the energy sector accounting for an outrageous 84% of global greenhouse 
gas emissions [1], action is needed to promote and develop technology to provide the energy necessary for human 
development at high efficiency and with less emission. Meanwhile, there are still many poor people living in rural 
regions, particularly in Africa and the Middle East. They do not have access to electricity as the cost of the 
infrastructure is too high and not justified by the remoteness. These regions, however, do have abundant supplies of 
sunlight, receiving over 300 days of sunlight a year. A system to cheaply convert this solar energy into electricity 
could improve the lives of millions of people who would otherwise go without.  
Concentrated Solar Power (CSP) works by concentrating the suns radiation onto a small area so as to increase the 
thermal energy density and consequently the temperature. In large scale CSP plants, steam Rankine cycles are used 
to convert the thermal energy into electricity. CSP can also be harnessed on a smaller scale and at lower 
concentrations which drastically reduces the costs. Using low-cost concentrating devices to collect and transport the 
solar energy and an Organic Rankine Cycle (ORC) to convert this thermal energy into electricity is a method to 
provide electricity to remote areas at a reasonably low cost. This cost is particularly low for rural areas when 
compared to traditional power station and distribution networks. Another emerging solar energy conversion 
technology is to use high-concentration photovoltaics (HCPV), which make use of concentrating optics to focus the 
suns radiation onto a small, highly efficient photovoltaic cell and convert the energy received from the sun directly 
into electricity [2]. With high solar concentrations, considerable heat is generated on the photovoltaic cell. This heat 
is conventionally dissipated to the environment using large heat sinks. An effective way is to capture the wasted 
thermal energy and use it to power an ORC, further increasing the system efficiency and power output. 
ORC has the potential to play a significant role in the pursuit of cleaner and more efficient energy generation. 
Although generally used with higher temperature heat sources, ORC technology can be adapted with relative ease to 
produce cost effective electricity at low temperatures [3]. The key to producing electricity at lower temperatures 
using an ORC is the working fluid. Furthermore, while traditional ORCs rely on stable thermal energy inputs (i.e. 
geothermal energy), solar energy is not able to provide a constant supply of thermal energy. A thermal energy 
storage or buffer system is capable of compensating for minor fluctuations in the weather, and in larger storage 
systems even generate electricity as needed, even during the night. Understanding how transient solar fluctuations 
affect ORC performance and how to compensate for that in order to maintain stable and smooth cycle operation is a 
key step to developing a high-performance and reliable solar-driven ORC system. 
2. Solar-driven ORC systems 
Traditional Rankine cycle technology, utilizing steam as the working fluid, produces approximately 90% of the 
world’s electricity [4]. Water, due to its high boiling point, can only work efficiently as a working fluid at 
temperatures exceeding 500Ԩ. In order to produce electricity at lower temperatures, fluids with lower boiling points 
need to be used as the ORC working fluid [5]. Refrigerants such as R134a and R245fa are suitable for producing 
electricity from thermal energy sources below 150Ԩ because of their low boiling points [6], -26.3Ԩ and 15.3Ԩ 
respectively. A basic ORC usually consists of four main components: a pump, evaporator, expander and condenser.  
The enormous potential of small-scale low temperature ORC technology lies in the abundance and range of 
thermal energy resources. The thermal energy rejected by industrial and utility scale plants as waste easily meets the 
requirements of such ORC systems and can be used to capture additional energy that would otherwise be lost. 
Thermal energy collected by traditional solar collectors (i.e. evacuated tube collectors, ETC) and the waste heat 
generated by HCPV modules (Fig.1(a)) are sources of plentiful thermal energy at relatively low cost. Research 
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regarding ORCs has been carried out since the late 1970's and restarted with the recent development of latent heat 
storage technologies [8] and new applications (i.e. HCPV systems [2]). 
While few experimental ORC studies have been carried out [9-11], most are conducted at temperatures higher 
than 200Ԩ and on a medium scale. There are only a few experimental ORC test beds designed to utilize lower 
temperature thermal energy supplies on a smaller scale. Notable research on low-temperature ORC applications 
include work carried out by Kane et al [12] on recovering thermal energy from a diesel internal combustion engine 
at between 75-100Ԩ. Pikra et al was able to design a small scale ORC system to recover thermal energy at a 
temperature of 112Ԩ, although this was only done theoretically. Very few studies consider solar thermal energy as 
the supply for the ORC [13][14], and waste heat from HCPV cells for potential electricity generation. 
3. Low-grade heat-driven ORC prototype 
An ORC test bed is designed to investigate and understand cycle behavior and system dynamics better through 
practical hands on testing. The basic layout of Fig. 1(a) is chosen for the test bed, with the possibility of adding a 
recuperator at a later stage. The test loop is designed to be versatile and able to accept configuration and component 
changes easily. The loop consists of the four main components: An oil-free scroll expander, a fin and tube heat 
exchanger as the condenser, a positive-displacement hermetically sealed diaphragm pump and a brazed plate heat 
exchanger for the evaporator. Additional components include a filter-dryer and a pressure relief valve. Cycle 
measurements are taken using 10 thermocouples inserted into the fluid flow, a Coriolis mass flow meter and four 
pressure transducers; one before each of the four components. 
Mimicking the solar collectors, a temperature control bath (TCB) using silicone-based thermal oil is used supply 
thermal energy to the ORC loop. The TCB is able to provide up to 2400 W of thermal energy at temperatures up to 
180Ԩ which is transferred to the working fluid in the brazed plate heat exchanger. The components and measuring 
devices are interconnected using copper tubes and brass Swagelok fittings to ensure that the leakage is minimized. 
Leakage tests are carried out to ensure that the test loop is free from leakage and then the test bed is insulated using 
glass wool insulation. R245fa is chosen as a working fluid for its performance at relatively low temperatures. The 
loop is then charged with refrigerant after being properly evacuated of all other non-condensable gases. Figures of 
the ORC test bed with insulation are presented in Fig. 1(b). 
  
Fig. 1. Schematic diagram of solar energy-driven ORC (a) and photo of an ORC test bed (b) 
4. Steady and normal ORC operation 
Comprehensive testing of the ORC system is carried out. A thermal efficiency of 8.5% is observed at stable 
operating conditions where system response to thermal energy inputs is low. The parameters that can be altered to 
gauge the system performance are the inlet temperature, the pump speed and the condenser fan speed. Parametric 
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analysis is carried out on each of these variables to assess the system response to each. It is found that a minimal 
response is observed when the condenser fan speed is altered, although the overall system pressure is observed to 
increase with increasing condenser fan speed. Changes in the inlet temperature have various effects on the system 
operation. It is observed that when the inlet temperature is decreased, the overall system temperatures decline. The 
pressures on both the high pressure and low pressure sides remain somewhat constant and the mass flow rate 
through the system increases even though the pump speed does not change. As the input temperature decreases, so 
does the corresponding thermal energy added to the cycle. 
The parameter with the biggest effect on the system performance is the pump speed. A parametric study on the 
effect of increasing pump speed on the system is carried out where the pump speed is increased from 43% to 67% of 
the maximum pump speed. A small change in the pump speed has notable effects on the system, particularly near 
the system operating limits. It is found that the fluid pressure in both the high pressure and low pressure sides of the 
loop increase when the pump speed increases. Logically the mass flow rate also increases with an increasing pump 
speed. Also, as expected, the amount of heat transferred to the fluid increases when the mass flow rate increases. It 
is found that with an increasing pump speed the temperatures at the outlet of the evaporator and expander experience 
a slight decrease. This is logical because the heat source (i.e., solar) is not capable of maintaining the exit vapor 
quality of the working fluid when the mass flow rate increases. The results from the parametric study of increasing 
pump speed on the system can be seen in the P-h and T-s diagrams in Figure 2. 
Fig. 2. (a) Pressure-Enthalpy and (b) Temperature-Entropy diagrams of parametric study on increasing pump speed 
 
It can be seen that as the pump speed increases, the trends of the fluid in the cycle are towards the saturated lines 
in both the high and low pressure sides of the loop. While this condition is favorable for more efficient energy 
conversion, it comes with its own set of risks and challenges. It was observed that the system is much more sensitive 
to minor changes in any of the input parameters, with only small changes having a large effect on the system 
parameters. The root cause of the system instability is due to the evaporator heat exchanger. As can be seen in 
Figure 3, when the mass flow rate through the evaporator increases and the other parameters remain constant, the 
length of the liquid and two-phase zones increase while the superheated zone length decreases. This is because the 
increase in mass flow rate is not balanced by a proportionate increase in thermal energy added to the working fluid. 
As a result the temperature at the outlet of the evaporator is lower. 
Fig. 3. Effect of increasing mass flow rate on heat exchanger fluid zones 
When the fluid leaving the evaporator has a lower degree of superheat (typically below 10Ԩ) then the vapor zone 
is relatively short. Even a minor change in the mass flow rate through the heat exchanger will result in a decrease of 
the vapor zone length and a resulting drop in the evaporator outlet temperature.  
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5. Heat deficiency-induced ORC oscillation  
During the parametric testing of the effect of increasing pump speed on the system, the pump speed was further 
increased from 66% to 68%, enough to upset the balance of the system. At this point, the length of the vapor zone in 
the evaporator decreases below a critical value, and with the system unable to maintain the system balance, 
oscillations start to occur. The time period of the oscillations is about 340 seconds. Figure 4 shows the temperature, 
pressure and mass flow rate of the ORC loop during the oscillation period. The unsteady fluctuations of the pressure 
and mass flow rate at the exit of the pump are due to the pulsating nature of the diaphragm pump. 
The disruptions caused by the imbalance in the heat exchanger have far reaching effects across the entire system. 
Temperatures, pressures and mass flow rate are all affected. The system experiences a decline in performance and 
power output compared to the case immediately before the oscillations. In addition to the system instability, it is also 
increasingly vulnerable to further fluctuations in input parameters and liable to stall if not corrected. During testing, 
a further 2% increase in the pump speed was enough to cause the system to stall and power output to be reduced to 
zero. The experimentally recorded data indicates that the condition leading to the system stall is when the evaporator 
no longer completely vaporizes the working fluid, and two-phase refrigerant exits from the evaporator to the 
expander. This has negative effects on the components and may even lead to component damage in extreme cases. 
Fig. 4. Temperatures (a), pressures (b), mass flow rate (c), and zoom-in pressure changes (d) of the fluid during the oscillating period 
(Yellow-green circle markers: nominal heat exchanger modeling conditions; ‘Exp’: expander) 
6. Phase-change heat exchanger modeling 
A mathematical model of the brazed microchannel plate heat exchanger needs to be developed. This will be used 
to better understand the physical processes occurring within the heat exchanger during working fluid boiling. The 
model will also be used to identify the critical vapor region length within the heat exchanger, after which the ORC 
oscillations occur. A plate heat exchanger is comprised of thin stainless steel plates that are contoured and stacked 
on top of each other. These plates are then brazed together to form a single component. The plate heat exchanger is 
configured so that the fluids are separated into alternating channels so that the fluid in each channel transfers heat to 
the other fluid which surrounds it on both sides. 
The evaporator model is developed using fundamental thermodynamic and boiling heat transfer principles. A 
system of equations is developed to solve for the unknown variables. Correlations for heat exchanger geometry and 
flow through the heat exchanger are based upon those found in the literature [15]. Separate energy balances are 
developed for the refrigerant side, the heat exchanger walls and the thermal oil side. The results from the heat 
exchanger model are compared to experimental results gathered during testing. 
(d) 
1118   A.R. Higgo and T.J. Zhang /  Energy Procedia  69 ( 2015 )  1113 – 1122 
The evaporator is separated into three distinct zones as seen in Fig. 3. The first zone is where the liquid 
refrigerant enters the heat exchanger and is brought up to saturation temperature. The second zone consists of the 
refrigerant boiling from saturated liquid to saturated vapor as heat is added. The third zone is where the refrigerant is 
superheated to a higher temperature. Each of these zones are further separated into three layers, one consisting of the 
thermal oil layer, one for the cycle working fluid (refrigerant) and one for the stainless steel wall separating the two 
fluids. The energy balances for the refrigerant in each of the three zones is as follows: 
ሶ݉ ௥൫݄௙ െ ݄௜௡൯ = ߙ௦௟( ௪ܶ௦௟ െ ௥ܶ௦௟) ௪ܲܮ௦௟  
ሶ݉ ௥൫݄௚ െ ݄௙൯ = ߙ௧௣൫ ௪ܶ௧௣ െ ௥ܶ௦௔௧൯ ௪ܲܮ௧௣ 
ሶ݉ ௥൫݄௢௨௧ െ ݄௚൯ = ߙ௦௩( ௪ܶ௦௩ െ ௥ܶ௦௩) ௪ܲܮ௦௩ 
where ሶ݉  is the refrigerant mass flow rate, ݄ is the fluid enthalpy, ߙ is the single-phase or boiling heat transfer 
coefficient [15], ௪ܲ  is the wetted perimeter and ܮ is the length of the zone. The subscript ݏ݈, ݐ݌ and ݏݒ stand for the 
liquid, two-phase and superheated vapor zones respectively. These equations are used to calculate the changes in the 
evaporator for the refrigerant in the liquid, boiling and superheated phases. Similarly the energy balances for the 
thermal oil in these zones are as follows: 
ሶ݉ ௢ܥ௣௢௨௧( ௢ܶଵ െ ௢ܶ௜௡) = ߙ௢( തܶ௢ଵ െ ௪ܶ௦௩) ௪ܲܮ௦௩ 
ሶ݉ ௢ܥ௣௢௨௧( ௢ܶଶ െ ௢ܶଵ) = ߙ௢൫ തܶ௢ଶ െ ௪ܶ௧௣൯ ௪ܲܮ௧௣ 
ሶ݉ ௢ܥ௣௢௨௧( ௢ܶ௢௨௧ െ ௢ܶଶ) = ߙ௢( തܶ௢௢௨௧ െ ௪ܶ௦௟) ௪ܲܮ௦௟ 
These equations are used to calculate the heat transfer between the thermal oil and the wall of the heat exchanger 
for all three zones. The properties of the heat transfer fluid (silicone oil) are provided by the manufacturer and are 
assumed constant for all fluid temperatures. The thermal oil and the refrigerant are separated by a thin stainless steel 
wall inside the heat exchanger. The thermal conductivity of stainless steel is high and as such the wall is assumed 
not to have any resistance to heat transfer. An energy balance is done at the interface between the two fluids as 
follows: 
ߙ௦௟( ௪ܶ௦௟ െ ௥ܶ௦௟) ௪ܲܮ௦௟ = ߙ௢( തܶ௢௢௨௧ െ ௪ܶ௦௟) ௪ܲܮ௦௟  
ߙ௧௣൫ ௪ܶ
௧௣ െ ௥ܶ௦௔௧൯ ௪ܲܮ௧௣ = ߙ௢൫ തܶ௢ଶ െ ௪ܶ௧௣൯ ௪ܲܮ௧௣ 
ߙ௦௩( ௪ܶ௦௩ െ ௥ܶ௦௩) ௪ܲܮ௦௩ = ߙ௢( തܶ௢ଵ െ ௪ܶ௦௩) ௪ܲܮ௦௩ 
These equations equate the amount of heat transferred between the two fluids. The heat exchanger is well 
insulated and as a result it is assumed that there is negligible thermal energy lost to the environment through the heat 
exchanger walls. The final equation for the heat exchanger defines the length of each zone. The total length of the 
three zones is equal to the length of the heat exchanger, in this case 0.15m. The equation is expressed as follows: 
ܮ = ܮ௦௟ + ܮ௧௣ + ܮ௦௩ 
The set of 10 equations with 10 unknowns are integrated into a mathematical model, which solves for the 
unknown values in the nonlinear equations simultaneously. The various correlations and physical parameters 
relevant to the heat exchanger model are included in the calculations. Fluid properties for the refrigerant are 
calculated using the REFPROP database from NIST. The model is able to simulate the heat exchanger and predict 
the conditions within the heat exchanger. 
7. Evaporator characterization  
The evaporator model is validated using results gathered from experimental testing of the ORC. The inlet 
conditions for the model are taken from experimental data, while the outlet conditions are compared to those 
measured at the outlet of the evaporator in experimental testing. The model is simulated over a range of steady state 
conditions recorded during experimental testing. A total of 22 steady state points were tested. The model is able to 
predict the temperature of the refrigerant at the outlet of the evaporator to within 7%, with 77% of the predictions 
falling to within 3% of the experimentally obtained data. The variations from the experimental data values are 
largely due to the reduced specific heat capacity of the superheated vapor, requiring less thermal energy to change 
the temperature of the fluid and thus increasing the margin for error. For this same reason, the high specific heat 
capacity of the thermal oil and the constant nature of its fluid properties lead to the oil outlet temperature being 
predicted to within 1.2% of the experimentally measured values. Figure 5 shows the experimentally obtained outlet 
temperatures for working fluid and oil compared to the model predicted values of the same. 
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Fig. 5. Model predictions of refrigerant and oil temperatures compared to experimental steady-state measurements 
 
A major advantage of the model is that it allows an insight into the processes and fluid states within the 
evaporator. Properties within the evaporator, such as the length of the superheated vapor zone are now able to be 
calculated and analyzed. These properties can be used in the early detection and future avoidance of the oscillation 
and stall conditions of the system. The evaporator model is used to better understand the physics inside the 
evaporator, particularly during the system oscillation and the transition from stable system operation to unstable 
system oscillations. The model, found to accurately predict the fluid outlet temperatures, is used to determine the 
length of the vapor zone within the heat exchanger. The oscillations occurred during the parametric analysis of the 
pump speed, when it was increased beyond a certain value. The model is used to predict the length of the vapor zone 
for each case of the parametric study on increasing pump speed. The modeling results are seen in Fig. 6.  
Fig. 6. Model predicted lengths of vapor zone in parametric analysis of increasing pump speed (Blue: steady states; Red: oscillation) 
 
It can be seen that as the mass flow rate of the refrigerant through the evaporator increases, a result of the 
increased pump speed, the length of the vapor zone decreases. This is because the heat source is not able to release 
extra thermal energy to the refrigerant in response to the increase of its mass flow rate.  The minimum length of the 
vapor zone in the parametric study is found to be ׽2.9 cm corresponding to a mass flow rate through the evaporator 
of ׽8.17 g/s or 0.49 kg/min. Following the final measurement in the parametric study, where the vapor zone was 
found to be shortest, the pump speed was further increased. The resulting increase in mass flow rate is sufficient to 
induce the oscillations within the system through the further shortening of the vapor zone. 
 To analyze the oscillations in the ORC, three points in the oscillation cycle are selected for further study. The 
three points are shown in Fig. 4(d). The first point is at the onset of the oscillation, directly after the pump speed has 
been increased by approximately 2%. The second point is taken at the peak of the oscillation where the pressures 
and mass flow rate are highest and the temperature at the evaporator exit is lowest. The third point is taken at the 
lowest point in the oscillation, where pressures and mass flow rate are at their lowest value and the temperature at 
the evaporator exit is highest. 
These three points are evaluated using the evaporator model, and the length of the vapor zone in each case is 
calculated. Figure 6 also shows the estimated lengths of the vapor zone during the steady-state study (blue), and 
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during the oscillation (red) shortly thereafter. The points in the figures, numbered 1, 2 and 3 correspond to the onset, 
peak and lowest point in the oscillation cycle respectively. 
It can be seen that during the first part of the oscillation (1-2), the length of the vapor zone decreases to a 
minimum value of 9.5 mm at the peak of oscillation. This is caused by an increase in the mass flow rate through the 
evaporator, as well as an increased pressure which causes the saturation temperature to increase. The result is that 
the evaporator is unable to transfer the required thermal energy to the fluid and as such the vapor length is reduced. 
From the peak of the oscillation to the lowest point in the cycle (2-3), it can be seen that the length of the vapor zone 
increases to a maximum of 4.7 cm. This is caused by the reduced flow rate and pressure making it easier for the 
evaporator to vaporize the fluid. 
This heat exchanger model is used to identify the vapor zone length in the evaporator at which the system 
transition from steady operation to unsteady oscillation occurs. This is useful because it allows the early detection of 
the onset of the oscillations before it actually happens. As a result, this oscillatory system behavior can be avoided 
by taking the necessary steps when oscillations are predicted to occur. This is particularly useful for transient 
systems such as those operating on solar power, as the system dynamics are constantly changing. 
8. ORC system characterization 
A unique ORC system such as the prototype developed for this work needs to be thoroughly evaluated in order to 
determine its commercial and practical viability. For this reason a cycle model is developed in order for the system 
to be evaluated under various circumstances. These circumstances include different cycle scales, thermal and 
environmental input conditions as well as working fluids. In addition, a cycle model may aid in system steady state 
optimization. The evaporator model, developed in Section 6, makes use of fundamental heat transfer and 
thermodynamic laws to accurately simulate the plate heat exchanger used to evaporate the working fluid. The model 
is validated using experimental data and is found to work well under all conditions. The remaining components, 
namely the pump, expander and condenser are modeled using empirical mathematical equations derived from trends 
observed in the experimental data. These models are only applicable to ORC systems utilizing these specific 
components. Advanced cycle design would require more advanced physics based models of the individual 
components. Once developed, the four component models are integrated into a working cycle-level ORC model. 
The model does not require many input parameters, and is able to calculate the system steady state from a given set 
of input conditions. The input parameters include the pump inlet fluid pressure and temperature, the pump speed, the 
hot oil temperature (from the solar collectors) at the inlet of the evaporator and the mass flow rate of the oil in the 
secondary loop. Using these input parameters the model is able to determine the final steady state conditions of the 
cycle. The model is simulated for a steady state operating point attained during the parametric study of increasing 
pump speed on the system. The model makes use of four states, labeled 1 through 4. 1 corresponds to the point at 
the exit of the condenser. Point 2 represents the exit of the pump, while the exit of the evaporator corresponds to 
point 3. Point 4 signifies the exit of the expander. When the model is simulated, it is found to differ from the 
experimentally recorded cycle data by less than 2%. This indicates that the model works accurately to simulate the 
experimental operation of the cycle. Figure 7(a) shows the pressure-enthalpy diagram of the cycle simulation below. 
The model calculates that approximately 1660 W of thermal energy is constantly being added to the fluid in the 
evaporator from the thermal oil which enters the evaporator at a temperature of 122Ԩ. Upon expansion, the fluid 
releases 140 W of energy (enthalpy drop across the expander), part of which is used to power the generator and the 
rest is lost as heat to the environment. This translates into a cycle thermal efficiency of ׽8.5%, agreeing well with 
the 8.7% efficiency achieved by the experimental setup under the same conditions. Figure 7(b) shows the 
temperature-entropy diagram for the model simulated ORC system running at the base point. The relatively high 
degree of fluid superheat can be seen at the exit of the evaporator(׽24.9Ԩ) which decreases slightly but still 
remains high at the exit of the expander (׽16.35Ԩ). This value differs somewhat from the conditions recorded 
during the experimental testing, where a fluid superheat of approximately 35Ԩ was recorded at the exit of the 
evaporator and a superheat of ׽24Ԩ exists at the expander exit. This can be attributed largely to the difficulty in 
accurately predicting superheat temperature in the evaporator model because temperature is very sentisitive to the 
enthalpy prediction error in the superheated vapor zone. In fact, there is no big difference between experimental and 
predicted refrigerant temperature drop across expander (11 vs 9.6 Ԩ), and the corresponding enthalpy difference is 
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even more negligible, which explains why the predicted thermal efficiency agrees with the experimental one. The 
model is a good indicator of system performance and can predict the system behavior under given heating and 
ambient conditions. The potential applications of this cycle level model are for cycle operation optimization and for 
scaling up of ORC for expanded power production when more thermal energy is available. It can also be used for 
component sizing and multi-evaporator ORC design. 
Fig. 7. (a) Pressure-enthalpy and (b) Temperature-Entropy diagrams of simulated ORC compared to experimentally observed conditions. 
9. Thermal energy storage 
A method which could increase the practicality and usability of a low-grade solar-thermal driven ORC system 
would be to add thermal storage (as indicated in Fig. 1(a)). Such an addition would create a buffer of sorts, to 
smooth out the fluctuations normally associated with solar energy such as clouds passing overhead. This would 
result in a smoother delivery of thermal energy to the system, and as a result more constant power production [8]. 
The addition of thermal energy storage adds another dimension to the functionality of a solar driven system. Instead 
of being restricted to generating power on sunny days, thermal energy storage allows an ORC system to be used on 
demand. Depending on how much thermal energy storage is employed, electricity can continue to be produced by 
such a system at night and even on rainy or foggy days. Several considerations need to be taken into account when 
designing a solar thermal system with heat storage, including low-cost phase change materials (with 100-150 Ԩ 
melting temperature) and extended surface structures for heat transfer enhancement. We are currently building 
compact heat storage units for the integration with small-scale ORC prototypes for constant electricity production. 
10. Conclusion 
Low-grade thermal energy is abundantly available, particularly from solar sources such as evacuated tube 
collectors and HCPV waste heat. The conversion of this low-grade thermal energy into electricity is a growing field 
with almost limitless potential. This work focuses on small-scale low-temperature ORC technology. A thermal 
imbalance in the evaporator of the ORC near the operating limits was found to cause the system to experience 
thermal fluid oscillations. These oscillations led to a decrease in system performance as well as increased sensitivity 
to small changes in input conditions. Without correction, these oscillations have the potential to cause damage to 
system components and to severely disrupt power generating capability. Several steps were taken to better 
understand this phenomenon, and to be able to predict the onset of this behavior. An in-depth model of the plate heat 
exchanger was developed using thermodynamic and phase-change heat transfer principles. This model was able to 
accurately predict the outlet conditions of the heat exchanger. When used to analyze the oscillation behavior of the 
ORC, it was found that the critical length of the vapor zone is almost 20% of the total length of the plate heat 
exchanger. When the vapor zone length reduces below this value, the system oscillations are initiated and the system 
performance reduces considerably. The model can be used to predict the onset of such oscillations before they 
happen, and consequently avoid the oscillations in the first place. In addition to an in-depth evaporator model, a 
cycle level model was also developed by integrating the various component models. This model is able to determine 
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the system steady-state response to a given set of input conditions. It can be used for steady-state optimization and is 
ideal for scaling purposes and designing advanced multi-evaporator ORC when multiple and larger thermal energy 
sources become available. Heat storage is also discussed as a method for stabilizing the thermal energy input to the 
system, as well as enabling such a system to be used outside normal daylight hours. This work contributes to an 
increased understanding of small-scale ORC behavior. The discussion of abnormal system behavior brings to light 
factors that are rarely addressed in open literature and need to be considered in the design of these systems in the 
future. By conducting further research in low temperature applications of ORC system, it is hoped that these systems 
will continue to become more commercially viable for rural electricity generation, and their potential utilized in the 
pursuit of higher efficiency and lower emissions power generation. 
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